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Introduction
The use of heat as a means of enhancing percutaneous absorption has been documented historically [1] , but it has never been fully exploited as a means of aiding drug delivery across the skin. Thus, there has been relatively little investigation of the effect of temperature on skin permeation compared to other methods of penetration enhancement. It is essential that the effect of temperature on penetrant and also the cellular components (keratin, ceramides, etc.) and functions of the skin be well defined in order to understand the mechanism of enhancement. In addition, the FDA has produced an article describing the possibility of toxicity due to the percutaneous absorption of topically applied material as a result of the increased temperature and exposure to UV radiation associated with the sun [2] . A principal physicochemical factor which controls the passive diffusion of a solute from a vehicle into the skin arises from the skin temperature. It is an established fact that skin temperature rise increases penetration of solute [3, 4] . Additionally, temperature enhanced permeabilities of the solutes were associated with the gel to liquidcrystalline transition of lipid hydrocarbon chains [5] and increasing temperatures of the stratum corneum (SC) resulted in increased fluidity (rotational disorder) of the intercellular lipids [6, 7] . Phase behavior studies of SC have shown that arrangement and state of lipid bilayer is changing with temperature. Lipid bilayer of SC can exist in crystalline gel, liquid-/crystalline state or mesomorphic form depending upon the temperature.
In a recent study reported by Petersen et al. [8] , controlled heat application (43 8C) caused significant cutaneous hyperaemia (up to ninefold increase in skin perfusion) with an increase in nicotine uptake (up to 13-folds). In another study, the transdermal permeation was found to increase exponentially when the donor environment temperature was varied from 2 to 47 8C [9] .
Use of heat energy to enhance transdermal delivery of drugs has been adopted by few pharmaceutical companies. The controlled heat-aided drug delivery patch (CHADD) developed by Zars Inc. (Salt Lake City, Utah) consists of a patch containing a series of holes at the top surface regulating the entry of oxygen into the patch. This works on generation of heat chemically in a powder filled pouch by an oxidative process regulated by the rate of flow of oxygen through the holes into the patch. The CHADD technology was used in the delivery of a local anesthetic system (lidocaine and tetracaine) from a patch (S-Caine ® ) and found to enhance the depth and duration of the anesthetic action in human volunteers when the results obtained in active and placebo groups were compared [10] . Zars Inc. together with Johnson and Johnson, recently developed Titragesia TM (a combination of CHADD disks and Duragesic Patches, the latter contains fentanyl for treatment of acute pain). Consequently, increasing the temperature of the skin and its environment may well provide the potential for overcoming the barrier properties of the SC, and thus, warrants a systematic investigation.
The absolute bioavailability of alfuzosin is about 49% under fed conditions, while the corresponding value under fasting conditions is approximately 25% [11] . This shows that food has a significant impact on the oral absorption of alfuzosin. This originates the need for an alternative route of administration, which can bypass the hepatic first-pass metabolism. Transdermal route is an alternative choice of route of administration for such drugs. Various physicochemical parameters like molecular weight, log P value and aqueous solubility of alfuzosin hydrochloride are 425.92, 1.51 at a pH of 7.4 and >10%, respectively [12] . These favorable parameters make it an ideal drug candidate for transdermal delivery.
The aim of this ex vivo study was to probe into the effect of heat on transdermal absorption of alfuzosin hydrochloride from EC-PVP based transdermal systems. Temperatures used in this study were in the range 30-50 8C range so as to minimize the thermal damage to the skin [9, 13] .
2.
Materials and methods 
Materials

Experimental design
A D-optimal response surface design was used to study the influence of temperature on ex vivo human cadaver skin permeation of alfuzosin hydrochloride. One numeric factor (X 1 ) and one categoric factor (X 2 ) were evaluated. The categoric factor was evaluated at two levels and the numeric factor was evaluated at five levels. The cumulative amount of alfuzosin hydrochloride permeated per cm 2 of human cadaver skin at 24 h (P 24 ), permeation flux (J) and steady state permeability coefficient (P ss ) were chosen as dependent variables. Design-Expert software (Version 7.1.4, Stat-Ease Inc., Minneapolis, USA) was used for the generation and evaluation of the statistical experimental design.
Preparation of transdermal films
From our laboratory, we have already fabricated alfuzosin transdermal systems and reported the influence of chemical permeation enhancers on transdermal permeation of alfuzosin [12] . In brief, the films were composed of EC and PVP at a ratio of 10:90 with 50% (w/w) drug loading and 5% (w/w) chemical permeation enhancer (a blend of 62.4% oleic acid and 37.6% propylene glycol). Di-n-butylphthalate was incorporated as a plasticizer at a concentration of 30% (w/w) of dry weight of polymers. Transdermal patches were fabricated using solvent evaporation technique.
Ex vivo human cadaver skin permeation studies
The extent and rate of skin permeation of alfuzosin hydrochloride through the human cadaver skin were carried out using modified Franz diffusion cells (Keshary-Chien diffusion cell). The receptor compartment was filled with 20 ml normal saline (0.9% (w/v) of NaCl) and its temperature was maintained at 30, 35, 40, 45 or 50 8C during the experiment. To control the temperature during the permeation studies, distilled water from a precision water bath maintained at desired temperature was allowed to circulate through the jackets of the diffusion cells. Owing to higher aqueous solubility of alfuzosin HCl, normal saline has been chosen as the receptor fluid [14] . The diffusional area (cross section area) of the diffusion cell was 1.766 cm 2 . The receptor fluid is constantly agitated at 100 rpm by a Teflon coated magnetic bead. The film (about 1.8 cm 2 ) was applied under occlusion (using Leucoplast ® tape)
on the epidermal surface of the human cadaver skin fitted between the donor and receptor compartments of the diffusion cell. Abdominal sections of skin from the same donor were used throughout the study to minimize variability in results. The whole of the receptor fluid was collected from the sampling port at predetermined time interval and replaced immediately with fresh normal saline. A similar set was run simultaneously using the film (without drug) at the donor compartment as a skin film control system to avoid the influence of inherent extracts from the skin or leaching of any material from the film without drug on the absorbance at 242 nm, at which the sample aliquots were analyzed spectrophotometrically. The amount of drug permeated per square cm at each time interval was estimated and subjected to further data analysis
Estimation of activation energy
Activation energy for permeation provides insight to mechanisms of transmembrane mobility of drug molecules [15, 16] . Activation energy for permeability of alfuzosin hydrochloride from its transdermal system across human cadaver skin was estimated by measuring the permeability of drug at various temperatures like 30, 35, 40, 45 and 50 8C using the Arrhenius equation:
where k is the specific reaction rate, A is a constant commonly referred to as the frequency factor, R is the gas constant, and T is temperature. The slope of the plot of log P ss vs 1/T can be related to E a as follows:
Permeation data analysis and statistics
The flux (mg/cm 2 h) of alfuzosin hydrochloride was calculated from the slope of the plot of the cumulative amount of alfuzosin hydrochloride permeated per cm 2 of human cadaver skin at steady state against the time using linear regression analysis. The steady state permeability coefficient (P SS ) of the drug through human cadaver skin was calculated by using the following equation:
where J is the flux and C is the initial concentration of alfuzosin hydrochloride in the patch. The observed difference in the permeation parameters of alfuzosin hydrochloride in different formulations were compared by using one way analysis of variance (ANOVA) followed by all pair wise multiple comparison procedure such as Holm-Sidak test at overall significance level of 0.05 using SigmaStat software (SigmaStat 3.5, SPSS Inc., Chicago, IL, USA).
Results
Ex vivo permeation of alfuzosin
Effects of temperature on the ex vivo drug permeation from the transdermal patches were studied by statistical design of experimental (DoE). In this study, a D-optimal response surface design ( ) and predicted residual sum of squares (PRESS), a cubic model was fitted to the data (p < 0.05) for interpreting data results for the permeation response; P 24 , and a reduced cubic model (automatically done by backward elimination method) for J and P ss ( Table 3) . Analysis of variance (ANOVA) was applied to estimate the significance of the model at the 5% significance level.
The mathematical model generated by the design for the responses are as follows:
where Y is the dependent variable, b 0 is the arithmetic mean response of the runs and b i (b 1 , b 2 , b 12 , b 11 , b 112 and b 111 ) is the estimated coefficient for the corresponding factor X i (X 1 , X 2 , X 1 X 2 , X 
Final equation in terms of actual factors The coefficient estimate and standardized main effects (SME) for the responses are listed in Table 4 . SME values were calculated by dividing the main effects by the standard error of the main effects. Results of multiple regression analysis and standardized main effects (SME) revealed that both the factors (X 1 and X 2 ) had statistically significant influence on all dependent variables (p < 0.05, Table 4 ).
The permeation profile of different runs is presented in Fig. 1 . The influence of temperature and chemical permeation enhancer on the studied permeation parameters is evident from Figs. 2-4 . SME values were found higher for the categoric factor, i.e. chemical permeation enhancer (16.34, 26 .90 and 27.25 for P 24 , J and P ss , respectively) compared to the numeric factor (13.38, 11.75 and 11.71 for P 24 , J and P ss , respectively). a Standardized main effects (SME) were calculated by dividing the main effect by the standard error of the main effect. Fig. 1 -Ex vivo permeation profile of alfuzosin hydrochloride from transdermal patches (n = 6). The permeation parameters improved with increasing temperature from 30 to 50 8C and the effect was found more prominent in the presence of chemical permeation enhancer indicating a synergistic action. In the absence of chemical permeation enhancer, the cumulative amount of drug permeated at 24 h (P 24 were also observed. The permeation responses were subjected to one way ANOVA followed by all pair wise multiple comparisons and comparisons vs control. When the permeation flux values of different runs with categoric factor at Level 1 were compared with that of Control 1, no statistically significant differences (p < 0.05) were observed except runs 7 and 9. Similarly, when the flux values of runs with categoric factor at Level 2 were compared with that of Control 2, statistically significant differences (p < 0.05) were observed except run 4.
Further, the permeation enhancing activities, expressed as enhancement ratio of flux (ER flux ), were calculated as the ratio between the flux value obtained with the change in temperature and that observed with the control. For the patches with categoric factor at Level-1, Control-1 (fabricated without incorporating chemical permeation enhancers; Pattnaik et al. [11] ) was used for estimation of ER flux and Control-2 (fabricated incorporating chemical permeation enhancers, Pattnaik et al. [11] ) was used while estimating the same for the patches with categoric factor at Level-2. The results are shown in Fig. 5 . One way ANOVA followed by all pair wise multiple comparisons (Holm-Sidak method) using Sigma Stat software (Sigma Stat 3.5, SPSS Inc., Chicago, IL, USA) detected statistically significant difference (p < 0.05) in ER flux among all the runs with categoric factor at Level-1 and all the runs with categoric factor at Level-2 except between run 2 vs run 4 and run 8 vs run 10.
Maximum increase in steady state permeability flux (J) was observed with run 9 (patches without chemical permeation enhancers and studied at 50 8C) with ER flux value of 2.25 and run 10 (patches containing chemical permeation enhancer blend and studied at 50 8C) with ER flux value of 2.29.
3.2.
Activation energy for transdermal permeability
Good linearity (R 2 = 0.9887 and 0.966, respectively, for Levels 1 and 2 of the categoric factor) was observed in the Arrhenius plot (Fig. 6) . The activation energy for transdermal permeation was estimated to be 49.72 and 46.61 kJ/mol in the absence and presence of chemical permeation enhancers, respectively indicating lowering of energy barrier using chemical permeation enhancers.
Discussion
DoE has been successfully employed in pharmaceutical field to study the effect of independent variables and their interactions on response variables [12, 17, 18] . The present investigation is also a successful application of DoE to understand the influence of temperature on transdermal permeation of alfuzosin. It is confirmed from the study that the dependent responses are much more influenced by the presence or absence of chemical permeation enhancer than by the changes in numeric factor, i.e. temperature. The chemical permeation enhancer used in the patches consists of a blend of 62.4% oleic acid (OA) and 37.6% propylene glycol (PG). Oleic acid is an unsaturated fatty acid with a cis configuration. The bent cis configuration of oleic acid is expected to disturb intercellular lipid packing more so than the saturated straight chain counterparts [19] . Propylene glycol is known to have relatively low skin cell toxicity [20, 21] and has been widely used for formulation of transdermal delivery systems. The enhancing effect by the addition of fatty acids to propylene glycol has been widely studied, and the binary system was considered to disorganize the multilaminate hydrophilic-lipophilic layers located intercellularly in the stratum corneum, consequently promoting percutaneous absorption of drugs [22] . About twofold increase in the permeation responses were found after exposure at 45 8C. The enhancement in percutaneous absorption with temperature observed in this study is consistent to that reported by other authors [10, [23] [24] [25] . These authors attributed this enhancement to an increase in the fluidity of stratum corneum lipids, which might also lead to an associated increase (expansion) in intercellular space with this leading to the increase in epidermal permeability. At low temperatures, the lipids are much more rigid and close packed and this hinders the diffusion of the penetrant molecules across the SC. With the aid of differential scanning calorimetry (DSC), thermal transitions of stratum corneum lipids has been shown to occur near 40, 65-70 and 80-85 8C [10, 26] . Since SC lipid transitions occur at skin surface temperatures >40 8C, the enhanced permeation of drug at the studied higher temperatures may be attributed to the thermal transition of SC lipids resulting in a reduced barrier property.
The increase in enhancement of transdermal flux due to exposure at higher temperature in the presence of chemical permeation enhancers clearly indicated the existence of synergism of chemical permeation enhancers and temperature for transdermal permeation of alfuzosin hydrochloride. Similar potentiating activity in permeation at higher temperature was reported for hydrophilic and lipophilic drugs in the presence of oleic acid [23] .
The limitations of using the procedure employed in this study to simulate increases in skin surface temperatures may not reflect physiological conditions. Homeostasis ensures that the blood circulation is maintained at 37 8C. Therefore, at diffusion cell receptor temperatures below and above 37 8C, the clearance of the permeant from the underlying layer of skin in contact with receptor fluid may be slower and faster, respectively. This temperature difference will affect the in vitro measured fluxes and might not parallel in vivo transdermal flux. This method, however, is a simple and useful tool for studying the effect of heat on percutaneous absorption. Such temperature dependent enhancement of flux can be more pronounced at skin surface temperatures >45 8C. However, the use of such high temperatures (>45 8C) for a long period of time as employed in this study may cause patient discomfort. This calls for further investigation into the effect of periodic increases in physiologically acceptable temperature on percutaneous absorption.
The slope of the Arrhenius plot which is proportional to the activation energy (E a ) gives an indication of the energy level necessary for penetrants to break restraining bonds and diffuse, i.e. it provides a measure of the resistance to diffusion of the penetrant to cross the epidermis. In general, the value of the activation energy is a function of both the diffusing molecule and the diffusion pathway [10] . Due to the lipophilic nature of the skin, polar compounds diffusing through the intercellular pathway of normal, intact epidermis might be expected to encounter greater energy barriers and therefore have higher activation energies compared to non-polar molecules. The latter would permeate more easily via the lipoidal pathway due to their higher stratum corneum/water partition coefficients. The activation energy, therefore takes into account the processes involved in the diffusion of a 
penetrant across the epidermis (including diffusion of penetrant through the vehicle, partitioning from the vehicle into SC, diffusion in the SC, the partitioning of the compound from SC into epidermal layer, diffusion through the epidermal layer and finally partitioning into the receptor solution). The activation energy for transdermal permeation was estimated to be 49.72 kJ/mol and 46.61 kJ/mol in the absence and presence of chemical permeation enhancers, respectively indicating lowering of energy barrier using chemical permeation enhancers.
Conclusions
Temperature found to enhance ex vivo permeation parameters of alfuzosin hydrochloride from its transdermal systems. It was also noted that chemical permeation enhancers potentiate permeation enhancing effect of temperature. The permeation flux values approximately doubled after exposure to 45 8C for both the categoric levels (i.e. in the presence and absence of chemical permeation enhancer) but the enhancement ratio was found to be higher for runs with chemical permeation enhancers. The activation energy for transdermal permeation was also found lower for the runs with chemical permeation enhancers indicating existence of a lower energy barrier in the presence of chemical permeation enhancers. The method reported here is a simple and useful tool for studying the effect of heat on percutaneous absorption. Such temperature dependent enhancement of flux can be more pronounced at skin surface temperatures >45 8C. However, the use of such higher temperatures (>45 8C) for a long period of time, as employed in this study, may cause patient discomfort. This calls for further investigation into the effect of periodic increases in physiologically acceptable temperature on percutaneous absorption.
